).
Introduction
Carboxydotropic microorganisms employ carbon monoxide as their sole source of carbon and energy while acetogenic and methanogenic microbes convert carbon dioxide to carbon monoxide during the production of energy and/or cellular carbon via the Wood-Lungdahl pathway. [1] [2] [3] [4] These processes rely on the interconversion of CO and CO 2 by Fe/Ni [1] [2] [3] [4] [5] [6] and Mo/ Cu [1] [2] [3] [4] 7, 8 carbon monoxide dehydrogenases (CODHs), operative in anaerobic and aerobic organisms, respectively. It has been estimated that each year 200-600 million tonnes of atmospheric CO are converted into CO 2 by microbial activity. 4 This process contributes to the global carbon cycle and helps maintain atmospheric CO levels below those toxic to respiring organisms, including humans. Acetogens also contribute to the carbon cycle and are estimated to produce over 10 billion tonnes of acetic acid annually.
2
The CODH from Oligotropha carboxidovorans is an (abg) 2 hexamer, with a large sub-unit (88.7 kDa) containing a unique heterobimetallic Mo/Cu active site and two smaller subunits (30.2 kDa) each containing FAD or ferredoxin-like [2Fe-2S] clusters. [1] [2] [3] [4] 7, 8 The oxidized active site ( Fig. 1) [1] [2] [3] [4] 7, 8 The most recent computational study also supports the presence of a dioxo-Mo VI core and a protonated Glu763 in the active oxidized enzyme. 9 A water molecule 2.4Å from the Cu atom and H-bonded to the Mo]O/-OH unit and amino acid residues is also present but is displaced upon CO binding and turnover (not shown in Fig. 1 ). The enzyme is a member of the xanthine oxidase (XnO) family of enzymes and, like other members of the family, reacts with cyanide to produce an inactive decupro-desulfo 'trioxo-based' form of the enzyme (cf. desulfo XnO).
1-4,7,8
The enzyme has been characterized by a variety of advanced spectroscopic techniques including electron paramagnetic resonance (EPR) and electron-nuclear double resonance (ENDOR). 7, 8, 11 The diamagnetic, oxidized Mo VI Cu I form of CODH can be reduced by a variety of reagents to generate paramagnetic Mo V Cu I forms exhibiting multi-line EPR spectra featuring couplings to magnetic nuclei at or near the active site; these nuclei include 95, 97 Mo (I ¼ 5/2, 25% total abundance), 63, 65 Cu (I ¼ 3/2, 100%), solvent-exchangeable protons ( 1 H, I ¼ 1/2, $100%) and 13 C (I ¼ 1/2, when 99% enriched 13 CO is employed). One of the earliest 'bona de' frozen-glass EPR signals of CODH, elicited upon reduction of active, wild-type enzyme by dithionite, is reproduced in Fig. 2(a) . 12 Initially, the spectrum was not well understood and it was interpreted as evidence against Cu being an integral component of the enzyme, the signal being very different to that typical of Cu(II) species. The observation of closely related signals in the EPR spectra of the title Mo V O(m-S)Cu I complexes, described herein and communicated earlier, 13 was instrumental in dening the origin and aiding the correct interpretation of enzyme EPR spectra, the '4-line' EPR spectra of both systems being due to superhyperne coupling of the d 1 Mo(V) electron to 63, 65 Cu.
More recent EPR and ENDOR studies by Hille and coworkers [15] [16] [17] [18] have greatly advanced this area, with higher resolution spectra exhibiting 63, 65 Cu coupling (with some coincidental overlap) to each of the principal components of the g-tensor. For example, dithionite reduction of CODH in 400 mM bicarbonate buffer at pH 8 yields the frozen-glass spectrum shown in Fig. 2(b) , which has been interpreted in terms of nearly isotropic 63, 65 Cu coupling (hAi ¼ 67.2 Â 10 À4 cm À1 ) to g 1-3 (2.0020, 1.9618 and 1.9548, respectively). 15 Similar splittings are observed in spectra generated by the reduction of CODH with CO or H 2 , the appearance of the spectra varying with g-and A-values, reaction conditions, pH, the presence of proton superhyperne interactions and isotopic compositions. 16 These studies, along with associated kinetics 16 and computational investigations, 9,18-20 have informed our understanding of the intimate mechanism of the enzyme 8 and the role of electronic structure on enzyme behavior and function.
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The biological association of Mo and Cu extends beyond CODH. Perhaps the longest known association is in the area of Cu-Mo antagonism, which leads to Cu deciency and anaemia, diarrhoea and growth retardation in ruminants. 22 Here, the complexation of Cu(I) by thiomolybdate in the rumen of the animals is thought to be responsible for the observed Cu deciency. More recently, the antagonistic interactions of Mo and Cu have been implicated in complications arising from diabetes mellitus type 2 in humans, e.g., renal dysfunction/ failure, cardiac abnormalities, retinopathy, neuropathy and atherosclerosis.
23 Similar species may be involved in the therapeutic use of thiomolybdate to reduce the high Cu levels associated with Wilson's disease. 22 There is also evidence for a trinuclear [S 2 Mo(m-S) 2 Cu(m-S) 2 MoS 2 ]
3À unit in the so-called orange protein, a potential Cu scavenging or metal storage protein, isolated from Desulfovibrio gigas.
24,25
In synthetic chemistry, heterobimetallic Mo/Cu compounds have been extensively studied on account of their biological relevance (vide supra), 26 unusual structural and electro-optical properties 27, 28 and potential as catalysts. 22 They range from small dinuclear species such as [S 2 Mo(m-S) 2 Cu (CN)] 2À to large clusters, polymers and supramolecular materials; all involve dim-suldo linkages between Mo and Cu, the vast majority being derived from sulfur-rich Mo precursors, e.g., tetrathiomolybdate, and Cu(I) (cf. Mo-Cu antagonism). [28] [29] [30] [31] [32] [33] [34] Molybdenum/ copper compounds containing terminal oxo ligands are relatively rare and exhibit three principal core structures,
The Cu ligands and charges are more variable for (C)], with the Mo and Cu centres again linked through di-m 2 -suldo or m 3 -suldo bridging units. [28] [29] [30] [31] [32] [33] [34] The formation of di-m-suldo bridges between Mo and Cu appears to be strongly thermodynamically favored and has thwarted efforts to form singly-bridged MoO(m-S)Cu models of CODH.
26
The rst good models for CODH (D) were reported by Tatsumi and coworkers in 2005. 35 The best of these models, Cu centre. The EPR spectra of the complexes provided key insights into the EPR spectra, electronic communication and orbital control of reactivity in the enzyme. 13 More recently, Zhang et al. 28 have reported hydrotris (3,5- 42) were prepared using literature methods or slight modications thereof. All reactions and manipulations were performed under strictly anaerobic (N 2 ) and anhydrous conditions using standard Schlenk techniques and dried, deoxygenated solvents. Infrared spectra were recorded on a Biorad FTS 165 FTIR spectrophotometer as KBr discs or in solutions in MeCN (prepared in a glove-box). Mass spectra were obtained using a Quattro II Micromass Triple-Quad mass spectrometer operating in the positive ion mode with capillary voltages between 30 and 120 V on solutions of the complexes in MeCN. EPR spectra were recorded on a Bruker FT ECS-106 spectrometer at X-band frequencies using 1,1-diphenyl-1,2-picrylhydrazyl as reference. Isotropic (room temperature) and anisotropic (110 K) spectra were recorded using solutions of the complexes in 10 : 1 tetrahydrofuran(thf)/MeCN or MeCN, respectively. Spectra were simulated using the EasySpin toolbox in the MATLAB soware package. 43 Electrochemical experiments were performed on a Cypress Electrochemical System II using a 3 mm glassy-carbon working electrode and platinum auxiliary electrode. The reference electrode consisted of an Ag/AgNO 3 (0.01 M in MeCN) electrode incorporated into a salt-bridge containing supporting electrolyte to minimize Ag + leaching into solution.
Samples were prepared in solutions of MeCN/0.1 M NBu n 4 PF 6 cooled to 243 K, and scans were calibrated using ferrocene as an internal reference. 44 Potentials are reported relative to the Saturated Calomel Electrode (SCE). 44 Microanalyses were obtained from Atlantic Microlab Inc., GA. 
Reactions with cyanide
In a typical experiment Tp iPr MoO(OAr)(m-S)Cu(Me 3 tcn) (20 mg, 0.022-0.026 mmol) and KCN or NEt 4 CN (4 equivalents) were dissolved in CH 2 Cl 2 or 10 : 1 thf/MeCN and stirred at ambient temperature. Reactions were monitored by EPR spectroscopy and mass spectrometry. Detection of thiocyanate was achieved by mixing the reaction mixture with three equivalents of Sorbo's reagent, 45 followed by stirring of the reaction mixture for 5 min in the absence of light. UV-visible spectrophotometry was then used to detect the characteristic absorbance at 460 nm that is indicative of thiocyanate.
X-ray crystallography
Diffraction-quality crystals of 1, 2, 3 and 5 (as various MeCN solvates) were grown by slowly cooling MeCN solutions of the complexes to À30 C under anaerobic conditions. Diffraction data were collected at 132 K over a 2q range of 2-28.5 using a Bruker CCD area detector and graphite-monochromated Mo Ka radiation (l ¼ 0.71073Å). Cell parameters were acquired by the SMART soware package and data reductions were performed using SAINT. 46 Structures were solved by direct methods (SHELXS-97) and rened using full-matrix least-squares rene-ment on F 2 (SHELXL-2014). 47 Non-hydrogen atoms were rened anisotropically while hydrogen atoms were included in calculated positions using the riding model. Molecular projections (drawn at the 50% probability level (except 2 at 60%) with solvent molecules and hydrogen atoms removed for clarity) were generated using Mercury 48 and CAChe 49 soware. X-ray crystallographic data for 1, 2, 3 and 5: CCDC 1576257-1576260, respectively. † 
The electrochemical properties of the complexes were investigated by cyclic voltammetry; representative voltammograms are shown in Fig. 3 . Initial scans, with a starting potential of À1.5 V (to maintain the original redox levels), revealed two electrochemical processes, a reversible oxidation at negative potentials (process I) and an irreversible oxidation at positive potentials (process II) [ Fig. 3(a) ]. Key electrochemical parameters of these processes are given in Table 1 .
Process I, at À0.514 to À0.366 V vs. SCE, was electrochemically reversible by the following criteria:
53 (i) measured E 1/2 values were independent of scan rate, (ii) DE pp values were close to the theoretical value for a one-electron reduction (57 mV) with increases with scan rate within an experimentally acceptable range, (iii) peak current ratios (I pa /I pc ) were close to unity for all scan rates, and (iv) plots of I p against n 1/2 indicated diffusion controlled redox [see, e.g., Fig. 3(b) ]. There is a broad correlation between the Mo(VI)/Mo(V) potentials and the electron withdrawing/donating capacity of the phenolate ligands, as measured by their Hammett constants (s m,p ). 54 Thus, data for 1 10 This is consistent with the observed oxidation of Mo(V) to Mo(VI) ahead of Cu(I) to Cu(II) in the cyclic voltammograms of the title complexes.
Crystal structures
The crystal structures of 1, 2, 3 and 5 (as various MeCN solvates) were determined and ORTEP projections of the molecules are shown in Fig. 4-7 . Selected bond distances and angles are presented in Tables 2 and 3 , respectively. The structure of 7, which will be discussed in the context of the current work, has been communicated elsewhere. 13 Overall, the structures are very similar but there is a marked conformational difference between 2 and the other structurally characterized complexes (group 1). The structures are discussed collectively below, with separate reference (where appropriate) to the disparities between those of group 1 and 2. The terminal oxo and phenoxide bond lengths, ranging from 1.673-1.698Å and 1.972-2.009Å, respectively, are typical of closely related structures. 51 The Mo(1)-S (1) The distorted tetrahedral geometry of Cu (1) is dened by the 'basal' fac-tridentate Me 3 tcn ligand and the 'apical' m-suldo ligand. The major distortions from a tetrahedral geometry include N-Cu-N angles of av. 83. 5 and S-Cu-N angles of ca. 
28-34
The phenolate rings in the group 1 complexes project away from Tp iPr , lying out of the cle between the pyrazole groups and adjacent to the N(1),N(2),S(1) face of the Cu polyhedron.
The angles subtended at S(1) range from 118.89 (5) in the sterically encumbered 3,5-di-t-butyl derivative 7 to 134.27 (13) in the unsubstituted derivative 1, with the Mo(1)/Cu(1) distances ranging from 3.806(2) to 4.040(2)Å for 7 and 1, respectively. The torsion angles around the Mo(1)-S(1) and Mo(1)-O(2) bonds are broadly similar in all complexes (see Table 3 ). In contrast, the phenolate ring of 2 is nestled in a cle of the Tp iPr ligand and the t-butyl group projects away from Tp Table 3 ). The differences in the two conformational types are highlighted in Fig. 8 (39) 1.392(10) 1.338 (7) 1.373 (7) 1.349(6) 1.337(4) Cu (1) (3) 2.214 (9) 2.212 (6) 2.189(6) 2.199(6) 2.201(4) Mo(1)/Cu (1) 4.040(2) 3.752 (2) 3.928(2) 4.028(2) 3.806 (2) a Data from ref. 13. be major factors determining the different OMo(m-S)Cu conformations. Indeed, it is likely that the enzyme has evolved an optimal active site structure, one facilitating efficient substrate turnover and facile oxidative regeneration of the active site, through the protein induced positioning and relative orientations of the MCD, Mo]O and Cys 388 moieties.
EPR spectroscopy
The isotropic (solution) X-band EPR spectra of the complexes exhibit multi-line signals at g iso $ 1.937. Each spectrum is composed of a number of overlapping EPR signals arising from the various possible Mo and Cu isotopologues/isotopomers ( 95,97 Mo, I ¼ 5/2, 25%; others, I ¼ 0, 75%. 63, 65 Cu, I ¼ 3/2, 100%); the spectrum of 5 is typical of group 1 and is shown in Fig. 9 (a), along with a splitting diagram showing the origins of the various spectral components (at top). Parameters derived from spectral simulations are presented in values 66 and delocalization of electron density across the Mo-S-Cu unit. The Mo hyperne coupling constants are also typical of oxo-Mo(V) species bearing so-donor co-ligands. 38 The signicant spin-orbit coupling in this system also excludes the presence of an organic or sulfurbased radical.
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The most notable feature of the EPR spectra is the remarkably large coupling of the unpaired d The anisotropic (frozen-glass) X-band EPR spectra of the complexes generally exhibit 'six-line' spectra having apparent 'peak intensities' of 1 : 2 : 3 : 3 : 2 : 1; the spectrum of 5 is exemplary and is shown in Fig. 10 . These spectra are very similar to a number reported for CODH (cf. Fig. 2 and 10) , differences in the g-and A-values and additional superhyperne couplings in the enzyme accounting for the differences observed. The almost uniform separation of the peaks is attributed to nearly isotropic coupling to 63, 65 Cu (vide infra), however, features allowing the determination of 95,97 Mo hyperne couplings were not readily discernable. In our hands, the frozen-glass, X-band EPR spectra of 2 and 7 were broad and unresolved, possibly on account of lower g anisotropy and 63, 65 Cu couplings (for 2) and/or poor glass formation with MeCN; these spectra could not be reliably simulated and will not be discussed further. Some broadening of the spectra of 1 and 6 was observed (due to sub-optimal glass formation) but the spectra were amenable to simulation (see Table 4 ). The complexes exhibit anisotropic g values, with g 1 $ 1.997, g 2 $ 1.946 and g 3 $ 1.883, and with Dg ca. 0.114. The g 1-3 values for dithionite reduced CODH are 2.002, 1.9618 and 1.9548, respectively, with hgi ¼ 1.9729;
15 the higher g-values may be ascribed to the presence of so S-donor ligands in the enzyme and/or structural differences in the enzyme and models. The A 1- hA Cu i and a Cu may be attributed to the rotational freedom of the Mo-S-Cu moiety, the isotropic spectra sampling a greater range of conformers than the low-temperature glass, where the lowest 63, 65 Cu. The splitting diagram for this spectrum is the same as that shown for (a) but with smaller splittings due to reduced 63, 65 Cu coupling. energy conformer is most likely favored. Similar rotational inuences have been invoked to explain differences in the solution and low temperature EPR spectra of other complexes, e.g., (L3S)MoO(SePh) 2 
70 The A Cu -values for 2 could not be reliably estimated from X-band spectra but Q-band spectra suggest hA Cu i $ 31 Â 10 À4 cm À1 for this complex. (Fig. 11) . The substantial superhyperne coupling of Mo(V) to Cu(I) in the title complexes and CODH, despite the signicant structural differences and the geometry dependence of the coupling (cf. 2 and group 1 complexes) suggests the presence of intrinsically effective Fermi coupling when the symmetry at Cu(I) allows d-s orbital mixing. Nevertheless, a signicant reduction in the Cu sorbital character of the SOMO of 2 is likely to be a major contributor to the smaller 63, 65 Cu coupling observed for this complex. Extensive delocalization of the SOMO over the Mo(m-S) Cu unit of CODH is proposed to provide a conduit for electrons to reduce Mo upon substrate oxidation at Cu, without C substrate -S suldo bond formation during the course of catalysis. 13, 21 To the extent that electron delocalization in the catalytically competent Mo(VI)-S-Cu(I) oxidation state contributes signicantly to the rate of the reductive half reaction, CO oxidation could occur directly at the Cu(I) site with two electron transfer to Mo occurring via a highly efficient super-exchange pathway mediated by the bridging suldo ligand.
13,21
The compounds have also been studied by Q-band EPR, visible, magnetic circular dichroism and S K-edge X-ray absorption spectroscopic techniques and advanced theoretical and computational methods in collaboration with Profs. Martin L. Kirk and Graham N. George. These results will be published in forthcoming papers. 10 The deactivated enzyme can be partially reactivated by sequential reaction with sulde and dithionite followed by Cu(I), with return of the original 4-line EPR signal and the generation of 'immature' as well as 'mature' enzyme.
Cyanolysis studies

72
Cyanolysis of the title complexes has been probed using a combination of EPR spectroscopy and mass spectrometry, with two sequential reactions being identied upon reaction with KCN or NEt 4 CN. The rst of these reactions was the cleavage of the MoS-Cu bond resulting in the formation of ) with solvent-and condition-dependent decomposition of the resultant Mo complex as described elsewhere.
39
Because of downstream decomposition it was not feasible to demonstrate 'reconstitution' reactions, although these are implicit in the known reaction chemistry to Tp iPr complexes, signals were not observed in the cyanolysis reactions of CODH (for sample production and monitoring reasons), it is very likely that the reaction is a two-step process of the type described here for the title complexes.
Conclusions
This paper describes full details of the synthesis and spectroscopic (IR and X-band EPR) and structural characterization of complexes possessing the paramagnetic Mo V O(m-S)Cu I core found in semi-reduced forms of aerobic CODH. The highly airsensitive and thermally unstable complexes are unprecedented in Mo/Cu chemistry in containing only a single m-suldo bridge between Mo and Cu centres. Signicantly, the complexes display X-band EPR properties closely related to those of several forms of semi-reduced CODH. Solution spectra are dominated by a distinctive 4-line Mo(V) signal produced by superhyperne coupling to 63 the enzyme, with differences between the models and enzymes being attributable to donor atom and geometrical effects. The results reported inform the interpretation of enzyme EPR spectra and provide insights into the electronic structure and orbital control of the mechanism of the enzyme. Additional insights into the electronic structures of the complexes (and by inference, enzymes) have been obtained using advanced spectroscopic, theoretical and computational techniques (vide supra); the results of these studies will appear in forthcoming publications. Cyanolysis of the complexes proceeds by successive decupration and desulfurization steps and a similar twostage process is proposed for the cyanolytic deactivation of the enzymes.
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